the control of various genes including those related to biofilms, but much of the evidence 28 for these links is limited to transcriptomic and phenotypic studies. RsmA binds to target 29 mRNAs to modulate translation by affecting ribosomal access and/or mRNA stability. Here 30 we trace a global regulatory role of RsmA to the inhibition of Vfr -a transcription factor 31 that controls a transcriptional regulator FleQ. FleQ directly controls biofilm-associated 32 genes that encode the PEL polysaccharide biosynthesis machinery. Furthermore, we show 33 that RsmA cannot bind vfr mRNA alone, but requires the RNA chaperone protein Hfq. This 34 is the first example where a RsmA protein family member is demonstrated to require 35 another protein for RNA binding. 36
INTRODUCTION 37
The opportunistic pathogen Pseudomonas aeruginosa can be isolated from a wide range of 38 environmental niches, in large part owing to its versatile metabolic capabilities. It is also 39 proficient in colonizing various eukaryotic organisms and can cause both acute and chronic 40 infections, with the latter often associated with biofilm-like modes of growth at the sites of 41 infection (Gellatly and Hancock, 2013). P. aeruginosa is also highly competitive against 42 other microbial species, with its adaptability and competitive fitness being aided by the 43 production of various secondary metabolites and virulence factors (Tashiro et between the WT and ΔrsmA strains is due to altered pel mRNA stability. This, however, is 123 not the case (Fig. 1B) , suggesting that the differences in pel expression are likely due to 124 altered activity of the promoter. Because the RNA-binding protein RsmA is not a 125 transcription factor, we tested the possibility of RsmA affecting expression of a known 126 transcriptional regulator of pel, namely FleQ. As a well-characterized transcriptional 127 activator of pel (Hickman and Harwood, 2008;Baraquet et al., 2012), potential RsmA-128 mediated alterations in expression of FleQ would be anticipated to affect transcription of 129 the pel genes. Using a similar approach as described for pel above, we found that a 130 transcriptional reporter fusion of fleQ gave lower levels in the absence of RsmA (Fig. 1C) . less stable in the null mutant. However, no evidence of altered mRNA turnover rate was 147 found between WT and ΔrsmA strains (Fig. 1D) . Therefore, we hypothesized that the direct 148 ( Fig. 2A) . To ensure that the regulatory cascade functioned as anticipated, we tested the 156 prediction that over-expression of Vfr should ultimately result in increased activity of the 157 pel transcriptional reporter. This is, indeed, the case (Fig. 2B) . In contrast to pel (Fig. 1B)  158 and fleQ (Fig. 1D) , the transcript stability of vfr is significantly different between WT and 159
ΔrsmA strains, such that vfr mRNAs are more stable in the absence of RsmA (Fig. 2C) . which overlaps the ribosome-binding site of vfr (Fig. 4A ). Based on a mFOLD-predicted 263 secondary structure (Zuker, 1989; , a large hairpin loop base-pairs the identified U-264 rich and A-rich Hfq-binding sites, resulting in a dsRNA structure that would predictively 265 block both RsmA and the ribosome from accessing the mRNA (Fig. 5A ). As depicted in 266 RsmA would directly block the Shine-Dalgarno sequence, preventing ribosome access and 269 thereby inhibiting translation. We also provide evidence that vfr mRNA is hyper-stable in 270 the absence of RsmA (Fig. 2C) , indicating that Hfq-and RsmA-bound vfr mRNA may 271 undergo more rapid degradation. It was previously suggested that Hfq may be able to 272 directly recruit RNase E for the degradation of bound RNA in E. coli (Morita et al., 2005) , 273
and it is possible that a similar mechanism causes vfr mRNA instability. 274 275 Due to its histidine-rich C-terminus, E. coli Hfq is a common contaminant of His-tagged 276 proteins purified by nickel affinity chromatography after over-expression in E. coli, and 277 visually undetectable (on SDS-PAGE) Hfq levels can critically influence in vitro analyses 278 of RNA-binding (Milojevic et al., 2013; Moreno et al., 2015) . Because the proteins used in 279 this study were purified from over-expressing them in either P. aeruginosa (RsmA) or a 280
Hfq null strain of E. coli (Hfq proteins), our analyses were not complicated by this issue. Based on our findings, it will be crucial to determine and distinguish direct versus indirect 319 regulatory routes to gain a greater understanding of the RsmA regulon. 320
MATERIALS AND METHODS 322
Bacterial strains and growth conditions 323 
Strain constructions 336
Transcriptional fusion constructs were generated in single copy on the chromosome of P. 337 aeruginosa strains via integration into the chromosomal attB site as previously published 338 (Irie et al., 2010) . In brief, promoter regions were PCR amplified using oligonucleotides in 339 Table S2 . PCR products were ligated between the EcoRI and BamHI sites of mini-CTX 340 lacZ (Fig. S2) . These plasmids were then introduced into P. aeruginosa by conjugation. RNAprotect (Qiagen). Genomic DNA was removed using DNase I (Promega) and removal 360 confirmed by PCR using primers designed against the rplU gene (Table S2) . SuperScript III 361
First-Strand Synthesis (Invitrogen) was used to synthesize cDNA as per manufacturer's 362 protocol using random hexamers. Quantitative real-time PCR was performed using SYBR 363
Green PCR Master Mix (Thermo/Applied Biosystems). The internal control gene used was 364 ampR. All experiments were done in biological quadruplicates. 365
366

Motility assays 367
Motility assays were performed essentially as previously described (Shrout et al., 2006) . 
